Supramolecular hydrogels are formed through the self-assembly of low molecular weight gelators into high aspect ratio nanofilaments, which then entangle or branch at defect points to form a threedimensional solid-like network. Such highly entangled networks of nanofilaments act as a scaffold to immobilise water molecules through surface tension and capillary forces to form a viscoelastic hydrogel. [1] [2] [3] [4] [5] Typically, this process requires a stimulus that causes a change in environment for the gelator, promoting self-assembly into extended and entangled nanofilaments. This can be a physical or chemical perturbation to the hydrogelator solubility. Most often, a gelator is dissolved at an elevated temperature, such that cooling results in supersaturation and subsequent hydrogelation. [6] [7] [8] Enzymatic and biomimetic approaches have also been employed to form supramolecular hydrogels. For example, alkaline phosphatase (ALP) 9 and cerium oxide nanoparticles 10 have been used to trigger gelation of FMOC-L-tyrosine-phosphate (FYP) via dephosphorylation of the tyrosine residue. Consequently, the ionic group (-PO 3  2À ) is converted into a neutral group (-OH), reducing the electrostatic repulsion between molecules and their hydrophilicity. This promotes self-assembly through non-covalent interactions (hydrophobic, p-p stacking, van der Waals, electrostatic), into one-dimensional protofilaments, which laterally associate to produce nanofibers. Interactions between the planar FMOC groups along with H-bonding between the chiral FMOC-tyrosine (FY) groups are thought to be key driving forces for the assembly of the gelator molecules into filaments with b-sheet-like structure and interlocked aromatic stacking. 9, [11] [12] [13] At a critical density, the entangled network of nanofibers is capable of entrapping water molecules to produce a self-supported hydrogel. Gelator assembly is thought to be kinetically dependent, affecting nucleation processes and growth rates of the nanofilaments. Additionally, supramolecular assembly is a delicate balance of repulsive forces (e.g. electrostatics) and attractive forces (e.g. hydrophobic interactions, H-bonding etc.). Therefore, the environment in which this assembly occurs can modulate these interactions through conditions such as varying ionic strength, temperature etc. to affect the structures formed. As a result, various stimuli and experimental conditions can have dramatic effects on the mechanical properties of the hydrogel as well as the gelation time, filament and network structure, and optical properties. [14] [15] [16] [17] [18] [19] [20] [21] As a consequence, investigations into novel stimuli and their effect on hydrogel properties are of immediate interest. In this regard, despite the extensive use of free radicals to crosslink polymeric hydrogels, 22 the utilization of radicals for the construction of supramolecular hydrogels remains unexplored.
Herein, we show that UV radiation-induced photolysis of sodium nitroprusside dihydrate (SNP) generates nitric oxide radicals, which can cleave the phosphoester of FYP to form FY molecules that subsequently self-associate to produce a selfsupported supramolecular hydrogel ( Fig. 1 and Fig. S1 , ESI †). Importantly, this could be done at room temperature and by simply irradiating samples to UV light for approximately 30 minutes. Significantly, we show that the radical-induced dephosphorylation and presence of the photolyzed product of SNP, pentacyanoferrate(III) hydrate, has dramatic effects on a Centre for Organized Matter Chemistry and Centre for Protocell Research, non-covalent (i.e., H-bonding, p-p) interactions between the FY gelator molecules and thereby on their self-assembly. Consequently, self-assembled nanofilaments show left-handed supramolecular chirality, rather than the right-handed chirality observed in hydrogels produced via conventional alkaline phosphatase-mediated dephosphorylation of FYP (ALP-FY).
Nitric oxide radical-induced hydrogels were produced by mixing an aqueous solution of SNP and buffered solution of FYP at molar ratios (SNP : FYP) 10 : 1, 5 : 1, 2 : 1 and 1 : 1, while maintaining the concentration of FYP at 50 mM. These mixtures were irradiated with a UV lamp (l = 254 nm) for 30 minutes. Interestingly, except for the sample with molar ratio 1 : 1, all other samples passed the inversion test indicating the formation of selfsupported hydrogels (Fig. 1a ). The orange coloured appearance of the hydrogels was due to the iron of the SNP. Control experiments with a mixture of SNP and FYP kept in the dark did not produce a hydrogel. Significantly, SNP solutions were stable in the dark and did not form any products, indicating that photo-irradiation was necessary to trigger supramolecular gelation. [23] [24] [25] Furthermore, no gels were formed when either SNP or FYP were absent from the reaction mixture ( Fig. S2 , ESI †). The 31 P NMR spectrum of FYP exhibited a characteristic resonance at À4.05 ppm corresponding to the phosphate ester functionality attached to an aryl group, which disappeared in the hydrogel samples. Concomitantly, a new peak at 0.20 ppm observed in the gel samples was attributed to inorganic phosphate ( Fig. 1b ). This was consistent with 13 C NMR spectra ( Fig. S3 , ESI †). The 13 C spectrum of FYP displayed a resonance at 150.57 ppm associated with an aryl C-O-P(O)(OH) 2 , which was found to be absent in all the hydrogel samples. Instead, it was replaced with a peak at 152.86 ppm, corresponding to an aryl C-OH. 10, 26 These observations were consistent with earlier reports in which SNP has been employed for the dephosphorylation of small dye molecules such as nitrophenyl phosphate, 23, 27, 28 and indicates that nitric oxide radicals generated via photolysis of SNP are able to cleave the phosphate ester bond allowing the dephosphorylated product to yield SNP-FY supramolecular hydrogels.
Cryo-TEM analysis revealed that the SNP-FY gels consisted of thinly twisted nanofilaments that were 2-4 nm in diameter and several micrometres in length ( Fig. 2a ). The helical pitch of the nanofilament was ca. 130 nm ( Fig. S4 , ESI †). Similar observations were made for the uranyl acetate stained samples viewed under TEM ( Fig. S5c , ESI †). In comparison, FY gels produced by conventional enzymatic routes showed slightly thicker twisted nanofilaments with a width of ca. 14 nm and a helical pitch of ca. 220 nm ( Fig. S5d , ESI †). Furthermore, conventional TEM analysis of unstained SNP-FY gel samples revealed that the nanofilaments were decorated with electron-dense inorganic particles/salts ( Fig. 2b ) and the corresponding energy dispersive X-ray spectroscopy analysis showed the presence of iron confirming the association of the SNP precursor with the nanofilaments (Fig. S6 , ESI †). AFM images of the hydrogels drop-casted onto freshly cleaved mica showed a highly entangled network of nanofilaments. (Fig. 2c ) The height profile images obtained from AFM analysis showed that the nanofilaments were 6.93 nm (AE0.51) thick and larger bundles had a periodic twist of ca. 130 nm that was consistent with cryo-TEM analysis ( Fig. 2d and Fig. S4b , ESI †). The observed twist in the filaments was attributed to H-bonding between the chiral gelator molecules, which imparts curvature into the growing one-dimensional filaments, suppressing the formation of twodimensional sheets. 11, 29, 30 Significantly, the AFM images revealed the presence of lefthanded helical nanofilaments rather than conventional righthanded helical filaments observed in previous studies involving FY (Fig. 2d ). 9, 10 This interesting observation suggested that the chiral packing of the radical-mediated dephosphorylated hydrogelator molecules was significantly altered. This was confirmed by circular dichroism (CD) spectroscopy. A CD spectrum of the control ALP-FY hydrogel showed characteristic positive signature peaks at 200-230 (n-p* transitions) and 270-310 nm (p-p* transitions) that were attributed to offset stacking of the fluorenyl and phenyl moieties. 31, 32 Remarkably, NO radical-mediated gelation revealed similar peaks but with opposite (negative) ellipticity (Fig. 3a) . This was intriguing as the control hydrogel and SNP-FY hydrogels were formed using L-amino acid derivatives, and therefore the opposite ellipticity was due to opposite chirality inherent to the fibrillar assemblies. This was further supported by FTIR spectroscopy. FTIR spectra of SNP-FY gels exhibited a different H-bonding network compared to the ALP-FY gels. Both gels exhibited peaks between 1600-1700 cm À1 arising from the carbonyl H-bonding, indicative of a b-sheet like assembly (Fig. 3b ). 33, 34 In the case of SNP-FY hydrogels, part of the region was masked by O-H bending vibrations corresponding to water molecules weakly associated with SNP. 35 However, the peak related to H-bonding originating from the carbamate group was significantly shifted by 20 cm À1 as well as a shift for the N-H bending peak between 1500-1550 cm À1 . These shifts to higher frequencies indicated a weakening of the intermolecular hydrogel bonding for the SNP-FY gels compared to the ALP-FY gels. 36, 37 The broad peak at 1565 cm À1 was only present for the ALP-FY gel and corresponded to the unprotonated carboxylic acid, 18, 34 arising from the higher pH of this gel and was not indicative of a different packing arrangement.
Anionic salts can polarise water molecules and thereby influence H-bonding to peptides, and have direct interactions with the amide groups of gelators to affect their assembly. 38, 39 Thus, it is possible that either of these effects could directly alter the supramolecular packing of FY molecules in the SNP-FY hydrogels. This was further supported by control CD experiments which demonstrated that the supramolecular chirality of the hydrogels was influenced when SNP was present in the gelling solution but not used to trigger hydrogelation. For example, ALP-FY gel samples doped with SNP showed negative ellipticity indicating that SNP can interact with gelator molecules to alter the assembly process (Fig. S8a, ESI †) .
In light of these observations, H-bonding between SNP and FY may have an important role in controlling supramolecular chirality. For instance, the nitrogen of the cyanide ligand has been shown to be an effective H-bonding acceptor. [40] [41] [42] Similarly, H-bonding donor interactions between hydroxyl and carbamate groups could offset carbamate-mediated H-bonding with the phenol group of FY. 12 Additionally, the electron donating hydroxyl of the tyrosine residue polarises the p-system of the phenyl moiety. As a result, H-bonding between the pentacyanoferrate(III) hydrate and FY would lead to different interactions between the aromatic groups of FY compared with the enzyme-mediated hydrogelation system. Indeed shifts were observed relative to ALP-FY gel at 1402 cm À1 to 1413 cm À1 and 1446 cm À1 to 1438 cm À1 , associated with the hydroxyl (C-O-H) bending vibration of the tyrosine and ring vibrations, respectively. 43, 44 This clearly indicates changes to the H-bonding for these groups. Furthermore, the electronic nature of the aromatic rings, which arises from the positively charged s-framework located between two regions of negatively charged p electron density on the face of the ring, is determined by substituents such as halogens that can tune the strength and geometry of the intermolecular aromatic interactions. [45] [46] [47] [48] In addition, the geometries for intermolecular p-p interactions are partly determined by the quadrupole moment, and therefore any perturbation could conceivably encourage different stacking arrangements. 45 This was consistent with the fluorimetry data (vide infra), and could be responsible for the formation of a different supramolecular structure.
Peptide-based fibrils formed through a b-sheet H-bonding network are known to show variations in chirality due to assembly conditions, indicating that such a motif is sufficiently versatile to allow filaments of either handedness to form. [49] [50] [51] Hence, as described above, a perturbed H-bonding arrangement could conceivably affect the curvature and consequently the supramolecular chirality of the hydrogel filaments. We therefore investigated the effect of temperature on the chirality of the nanofilaments. SNP-FY hydrogels heated at 80 1C and cooled to room temperature showed positive ellipticity (Fig. S8b , ESI †). This observation indicated that gelation in the presence of SNP leads to kinetically trapped structures, whilst heating and cooling cycles facilitate a more thermodynamically favoured state. [52] [53] [54] Beyond H-bonding, another key driving force for the assembly of amphiphilic gelators is the p-p stacking and hydrophobic interactions between the aromatic residues. 9, 11 The emission spectra for a FYP solution and SNP-FY and ALP-FY hydrogels are shown in Fig. 3c . The FYP solution exhibited an emission peak at 311 nm, whereas the hydrogel samples showed a slight red-shift in their emission indicative of inefficient p-p stacking, 55, 56 which has been attributed to FMOC-phenyl stacking (Fig. 3d(i) ). However, at higher wavelengths, the ALP-FY gel exhibits a peak at 331 nm associated with anti-parallel stacking of the FMOC residues ( Fig. 3d(ii) ), 9 which is absent in the SNP-FY gels. In contrast, SNP-FY hydrogels showed a broad spectrum with a feature at 395 nm that was attributed to parallel stacking of FMOC residues ( Fig. 3d(iii) ). 9 Significantly, with increasing SNP : FYP ratios there was an increase in intensity for the substantially red-shifted emission peaks, which were assigned to excimer formation as a result of extended and conjugated p-p stacking interactions ( Fig. 3d(iv) ). 34, 57 These observations suggested that the increased amounts of SNP present in solution facilitated extended aromatic stacking, which was in agreement with previous reports suggesting that hydrophobic interactions become dominant when salts are present during the assembly process. 58, 59 The structural and mechanical properties of the SNP-FY gels were investigated by DSC and rheology. DSC profiles showed a broad endothermic peak between 51 and 71 1C corresponding to gel to sol transitions (Fig. 4a ). The melting temperatures of the SNP-FY hydrogels increased with increasing SNP : FYP ratios and were attributed to the organic-inorganic hybrid nature of the hydrogel samples. Viscosity measurements showed that at minimal shear, the viscosity of the hydrogels increased from 0.32 to 137.4 Pa s with increasing molar ratio of SNP : FYP, and decreased with increasing shear rates (shear thinning), which is typical of supramolecular hydrogels (Fig. S9 , ESI †). Oscillatory frequency sweeps showed a linear viscoelastic region (LVR) in which the storage (elastic) G 0 moduli were roughly an order of magnitude higher than the loss (viscous) G 00 moduli for all stoichiometries, except 1 : 1 (Fig. S9 and S10, ESI †). This observation was indicative of a solid-like network throughout the gel for all stoichiometries except at a 1 : 1 molar ratio. The viscous liquid-like properties of the SNP-FY (molar ratio 1 : 1) sample were attributed to an insufficient cross-linked network of nanofilaments required for hydrogelation. In this regard, the crossover points observed in the case of the oscillatory amplitude sweep could be assigned to structural deformation of the samples as they transformed from an elastic gel to a viscous fluid (Fig. 4b) .
In summary, we show that photolysis of SNP produces nitric oxide radicals capable of dephosphorylation of FYP to yield supramolecular hydrogels. Significantly, AFM and spectroscopy techniques indicate that the photolyzed product of SNP (pentacyanoferrate(III) hydrate) has a significant effect on the self-assembly process of the dephosphorylated gelator molecules. In turn, this facilitates the formation of kinetically trapped, amyloid-like nanofilaments with left-handed helicity. Taken together, it is envisioned that nitric oxide radicals could be readily employed in the dephosphorylation of a wide range of important functional amino acid and peptide derivatives for the construction of supramolecular hydrogels with tuneable chirality.
We acknowledge the EPSRC (EP/G036780/1) and the Bristol Centre for Functional Nanomaterials for project funding. The authors thank Judith Mantel, Jennifer Coombs and the Wolfson Bioimaging Facility for their assistance with cryo-TEM, Dr Rob Harniman for assistance with AFM work, Jon Jones and Dr Sean Davis for assistance with TEM. The data supporting the findings of this study are available within the paper and its supplementary information files, and are available from the corresponding author upon reasonable request.
Conflicts of interest
There are no conflicts to declare.
Notes and references Fig. 4 (a) DSC thermogram of supramolecular hydrogels prepared from FYP (50 mM) showing broad gel to sol transition temperatures that increase with increasing SNP : FYP molar ratios (b) oscillatory amplitude sweeps at a constant frequency (1 Hz). All gels exhibited a linear viscoelastic regime and the stiffness was affected by the SNP : FYP ratio. Symbols (') and (K) represents storage/elastic moduli G 0 and viscous moduli G 00 , respectively. Samples prepared at SNP : FYP ratios of 1 : 1 (purple), 2 : 1 (blue), 5 : 1 (green) and 10 : 1 (red) are displayed.
